The dizinc bond as a ligand: a computational study of elongated dizinc bonds. index. The Zn-Zn bond critical points identified in our study are discussed. The computed Zn-Zn contacts concentrate in the range 2.44-2.58 Å, and we propose that this interval corresponds to elongated dizinc bonds.
Introduction
The isolation and characterization of complex [Zn2Cp*2] 1 (Cp* = η 5 -C5Me5) [1, 2] displaying a directly bonded dizinc Zn(I)-Zn(I) unit, opened a new chapter in the chemistry of this element [3, 4] . A good number of theoretical and experimental studies followed the synthesis of this compound [5, 6, 7] , providing a clear picture of the, until then, unknown ZnZn bond [8] , and expanding significantly the number of well-defined complexes of this sort [9, 10, 11] . In general, the Zn(I)-Zn(I) moiety of these molecules is kinetically stabilized toward disproportionation to Zn(0) and Zn(II) by the presence of substituted cyclopentadienyl rings [2] , bulky terphenyl groups [9] , or a variety of chelating N-donor ligands [12] . A notable exception is the isolation of the dication [Zn2] 2+ containing only substituted pyridines as ligands [13] or GaCp* fragments [14] . Comparatively less attention has been paid to disclose the chemical reactivity of these molecules, though complex 1 has been used precursor for other Zn-Zn bonded compounds [15] , in catalytic hydroamination reactions [16] , as well as for the synthesis of metal-rich compounds and clusters [17, 18] . Fischer, Frenking and coworkers have identified a variety of M-ZnCp* and M-Zn-ZnCp* fragments and have highlighted the isolobal analogy of ZnCp* and ZnR with the H atom. The use of ZnCp* and other organozinc ligands in transition metal chemistry has also been reviewed [19] .
In accordance with the quantum theory of atoms in molecules (QTAIM) [20] , the topological analysis of the electron density (ρ) estimated at the bond critical point (BCP) provides fingerprints revealing the nature of the atomic interactions. Bonds between atoms may be divided into two categories on the basis of the sign of laplacian  2 ρBCP: shared and closed shell interactions have negative and positive  2 ρBCP, respectively. In shared
As already pointed out [22] , interpretation of bonds when heavy atoms (those with more than three atomic shells) are involved is not straightforward. Heavy atoms are characterized by diffuse electron densities, giving rise to low electron densities and concentrations in the bonding region. This usually complies with very low ρBCP and  2 ρBCP values which rules out the use of  2 ρBCP for a bonding classification. Espinosa et al. [23] proposed a classification based on the adimensional |VBCP|/GBCP ratio, introducing the concept of bond degree (BD) as BD = HBCP/ρBCP, for the characterization of bond types. They divided atomic interactions into three categories. Region I corresponds to pure closed shells, where |VBCP|/GBCP < 1, implying that  2 ρBCP > 0 and HBCP > 0. Region III refers to pure shared shells, with |VBCP|/GBCP > 2 and therefore  2 ρBC < 0 and HBCP > 0. Region II is then a transit region, with 1 < |VBCP|/GBCP > 2 and  2 ρBCP > 0 and HBCP < 0. In region I, the BD parameter is positive and gives an idea of the non-covalent interaction, such that the larger its value, the more closed and weaker in nature is the interaction. Conversely, in regions II and III the BD parameter is negative and measures covalency. Hence, the greater its magnitude, the more covalent and stronger the bond is. This classification was followed by Gervasio et al. to describe metal-metal bonding in polynuclear complexes [24] . The bond ellipticity (εBCP) is another interesting parameter to be analyzed. The ellipticity measures the extent to which electron density is preferentially accumulated in a given plane containing the bond path. It is calculated as suggested by Bader et al. [25] for the quantitative description of the electron density deviation from the cylindrical symmetry in the BCP. In fact, the value of εBCP is a measure of the π-component of the bonding [25] . Macchi et al. [22a, 26] proposed to consider in addition the integrated properties within formal bond order. In both cases ∫A∩Bρ has a medium/large value, despite ρ being one order of magnitude lower than for covalent interactions between light atoms. When heavy atoms are involved the distinction between shared and donor-acceptor bonds is subtler than between corresponding light atom interactions [27] . [14] . The optimized geometries of all the compounds were characterized as energy minima either by non-existent imaginary frequencies (NImag = 0), or by very low vibrational frequencies (< 20 cm -1 ) in the diagonalization of the analytically computed Hessian (vibrational frequencies calculations).
These very low vibrational frequencies that do not lead to energy minimum optimization have been reported in other cases, and seem to be associated to numerical errors in the DFT integration grid. They could be eliminated by much more expensive calculations with a better grid [33] . Electronic calculations were performed using Gaussian09 rev. D01 program [34] and topology parameters were studied within the framework QTAIM method as implemented in AIMALL program [35] . Cartesian coordinates of all optimized compounds are collected in the Supplementary Material (Table S1 ).
Results and Discussion

Some qualitative considerations on the Zn-Zn bond
From an experimental point of view, the existence of a zinc-zinc bond is deduced from the Zn-Zn distance obtained by X-ray crystallography. For this reason, a CSD search [36] of X-ray characterized complexes containing Zn-Zn bonds was carried out. Fig. 1 The existing knowledge on the nature of the Zn-Zn bond [5] [6] [7] or not the Zn-Zn interaction would be preserved on coordination (Scheme 2).
Scheme 1
The bonding scheme for the electronic interaction between a  2 -Zn2 ligand and a transition metal (I in Scheme 2) is analogous to that well known for the dihydrogen ligand.
For  bonding electron density would be transferred from the filled  molecular orbital ( and there is also a major stabilization of the antibonding * MO (Fig. 3 ). This stabilization is higher than that observed for [Zn2Cp2] and, in contrast with the latter, the precise constitution of * MO changes with bending. At 160º there are two MOs with antibonding * character (LUMO+2 and LUMO+5), so that the corresponding point in Fig. 3 is an energy average of the two MOs. These * orbitals, one with mainly s character, the other with large p contribution can be found in Fig. S1 (Supplementary Material). The bending induces hybridization of the * MO, with an increase of the p character which affords well suited topology for the backdonation interaction (Fig. 3) 
QTAIM analysis of the Zn-Zn bond
With these precedents, we have theoretically analyzed the coordination of the model As can be seen in Table 1 , the values of ρBCP,  Likewise, GBCP/ρBCP and HBCP/ρBCP ratios are lower than expected for pure covalent bonds between non metal atoms [26] . [Zn2Ph2] a All dimensioned quantities are in atomic units (a.u.) except distances which are in Angstroms (Å). The subscript BCP implies that the value is reported at the bond critical point. A-B and A···B denote bonded and non bonded distances according to the QTAIM analysis. δ(A,B) denotes the delocalization index between atoms A and B, values in parenthesis imply non bonded atoms. εBCP denotes ellipticity at the BCP. |VBCP|/GBCP is an adimensional ratio (see text). GBCP/ρBCP, VBCP/ρBCP and HBCP/ρBCP are the potential, kinetic and total energy ratios at the BCP, respectively. ∫M∩Znρ accounts for the integrated electron density over the whole M-Zn interatomic surface. Zn-M-Zn corresponds to RCPs. Zn···Zn separations close to 3 Å. The Fe-Zn-Ct and Fe-Zn-C angles are close to 180º (Table   S1 ) and the Fe-Zn distance is similar to those found in related X-ray characterized complexes [38] . delocalization index, as it involves significant M···OCO interaction [26] . In fact, the values of δ(M,OCO) when there is no π-backdonation are very low (< 0.1), while those found in complexes with important backdonation are much larger, ranging from 0.15 to 0.25 [22b,26,41] . Average δ(M,OCO) delocalization indexes for the carbonyl computed derivatives are collected in Table 2 . Their magnitude evidences significant backdonation in all cases, in the order Fe(CO)4 > W(CO)5 > Cr(CO)5 > Mo(CO)5. The combined consideration of Tables 1   and 2 shows that the importance of backdonation is inversely proportional to the δ(Zn,Zn) delocalization indexes, that is to the Zn-Zn bond order, and this trend is shown in Fig. S3 ( 
Integration of the electron density over the entire Zn-Zn interatomic surface, ∫Zn∩Znρ, can be used to ascertain the strength of the bond. Unfortunately, the method to integrate atomic surface properties in AIMALL fails for complex surfaces, so that the estimation of this integral cannot be done [42] . Notwithstanding, ∫M∩Znρ can be computed for M-Zn surfaces, thereby shedding light on the characteristics of M-Zn bonds and indirectly on those of the Zn-Zn interactions. ∫M∩Znρ has values in the range 0.646-1.150 e·bohr -1 that are similar to those found for metal-metal bonds in other organometallic compounds [26, 27] and smaller, though comparable in magnitude, than those of pure covalent bonds [26] . Table 2 are in agreement with those anticipated, i.e. they are higher for the PF3 ligand, followed by PH3 and PMe3. Moreover, these values are higher than those found forr the M···OCO interaction since the Pd and P atoms are directly bonded. The lowest δ(Pd,P) values correspond to PMe3, in consonance with its good -donor and bad -acceptor properties, that additionally result in a reduced δ(Zn,Zn) for Cp and no Zn-Zn bond for Ph. By contrast, the highest δ(Pd,P) obtained for the excellent -acceptor ligand PF3
in the [Zn2Cp2] complex results in higher δ(Zn,Zn) value and shorter Zn-Zn distance, relative to PH3 and PMe3. As already stated, the decrease in the Zn-Zn bond order implies a concomitant increase in the strength of the M-Zn bond, such that for Pd complexes there is a fair correlation between the Zn···Zn separation and the Pd-Zn bond distances (see Fig. S5 ).
Taking this fact into account, the δ(Pd,P) values can also be related to the Pd-Zn bond distances, to the point that, as shown in Fig. 6 , there exists a good correlation between these parameters. In complexes containing M-Zn and Zn-Zn bonds, Zn-M-Zn ring critical points (RCPs)
can also be identified, proving the delocalization of electron density among the three centres.
The bond path lengths are similar to the interatomic distances for M-Zn bonds, and larger for the Zn-M-Zn ring. The sensitivity of the structure to ring opening is quantitatively described by the bond ellipticity value εBCP, which becomes larger for the more unstable structures [25] .
Structure instability means that small energy is required to cause the migration of RCP to BCP with high ellipticity, which inevitably leads to a bifurcation catastrophe (the formation of degenerate critical points) and disappearance of the ring [43] . It is reasonable to believe that the closer the ring and bond critical points, with high ellipticity, the potentially more unstable the structure will become. The analysis of the position of Zn-M-Zn RCPs and Zn-Zn BCP shows that the bonds with high εBCP are very close to one another ( Rather, they are comparable in magnitude to values found for bonded Zn-Zn atoms and for metal-metal interactions in other organometallic compounds [26,27,41a,b] . This means that, although very delocalized, there exists a Zn-Zn interaction in all cases studied except for 
